Abstract-A high-power -band combline diplexer to be used in a National Aeronautics and Space Administration/Jet Propulsion Laboratory space mission has been designed and tested for multipaction. The radar path was required to have peak power handling of 450 W with 24.25-W average. The radar filter was partially filled with low-loss dielectric material to protect it against multipaction. The device was tested with input power up to 1800-W peak with no evidence of multipaction while having excellent RF peformance, including less than 0.20-dB insertion loss over temperature.
discharge for coaxial lines and found that multipaction susceptibility thresholds were similar to those for the parallel-plate case. In terms of RF components, specifically filters, there are many pervious works on power handling and multipaction. For example, Tang and Kudsia [2] reported the high-power measured data for a number of microwave filters, and Yu [8] analyzed power-handling capability of filters, taking into account multipaction and ionization breakdown and passive intermediation. For multipaction threshold calculation, he used a circuit model to calculate the resonator voltages of a five-pole rectangular waveguide filter and showed that they are in good agreement with the values obtained by electromagnetic (EM) simulation. Doumanis et al. [9] designed an ultrahigh-frequency (UHF) high-power helical resonator filter that used Rexolite 1422 dielectric filling to protect the device against multipaction. They showed more than 27-dB increase in multipaction threshold, compared with the case with no dielectric filling, with only 5% reduction in unloaded .
This paper is focused on the prevention of multipaction breakdown as a result of high RF power applied to the radar path of the diplexer. A circuit model is used to calculate the -parameters of the filter, as well as the voltages of each resonator. The multipaction threshold and safety margin are then obtained from the resonator voltages by using ESA/ESTEC calculator [10] . Since the multipaction analysis shows a negative safety margin, the device had to be protected. There are several ways to prevent multipaction, such as sizing properly the critical gaps, filling the gap with dielectric, using biasing mechanism, using a coating that reduces or eliminates multipactor through suppression of secondary electro yield (SEY) from the field-facing device surface, or by pressurization. In this work, a dielectric filling method has been chosen as a means to suppress multipaction discharge. Usually, loading a resonator cavity with dielectric will reduce significantly its unloaded ; however, as it will be shown in this paper, using a low-loss dielectric material and partially loading the cavities mainly in the high electric field regions will mitigate this problem providing protection against multipactor with sufficient quality factor. After protecting the unit, it will be tested with input power up to 1800-W peak, i.e., 6 dB above the nominal power, in the setup described in Section VI.
The diplexer in Fig. 1 connects two bandpass filters to a common port. As shown in the figure, radar and radiometer paths use bandpass filters connected to the antenna port. A low-pass filter is added in the radiometer path to provide broadband rejection. The radar path must have a peak power-handling capability of 450 W minimum with an average transmit power of 24.25 W. The bandpass filters use combline technology, which is an excellent choice in the -band: It has a high quality factor and spurious free stopband up to at least three times the center frequency. A combline 0018-9480/$31.00 © 2013 IEEE resonator is a hybrid structure in that a coaxial transmission line, a rod, is placed in series with a lumped capacitor. For low-RF-power applications, this technology provides excellent results up to about -band, where the starts to decrease to a point where other filter technologies become more attractive. The power handling of a combline resonator is limited by the lumped capacitor formed by the gap between the resonator open end and the ground plane where the electric field has its maximum intensity. This gap is typically a small fraction of the wavelength, making it susceptible to voltage breakdown and other high-power-related phenomena, such as multipaction and corona. Because of this limitation, combline filters are not commonly used for high-power applications, and other technologies, such as interdigital, are used instead. However, as shown in this paper, there is a way to increase the power handling of combline filters and yet maintaining their high performance.
II. COMBLINE FILTER FOR HIGH POWER
In low-power applications, the dimensions of the resonant cavity are determined for maximum over the operating frequency. The maximum corresponds to a characteristic impedance of about 75 , which in turn is related to the aspect ratio of about 3.4. The aspect ratio is defined as the diameter of the cavity, also known as ground plane spacing, divided by the resonator or rod diameter. In high-power applications, the characteristic impedance can be reduced to decrease the peak voltages in the filter, at the cost of some reduction. For example, reducing the impedance from 75 to 50 will reduce the resonator voltage by about 18%.
Loading the resonator cavity with low-loss dielectric will increase significantly its power-handling capability. The voltage breakdown of an empty cavity (air) is approximately 2.9 kV/mm. Most dielectric materials used in RF engineering have a low-loss tangent and a much higher dielectric strength than air. For example, the dielectric strength of Teflon PTFE is about 10 kV/mm and Rexolite 1422 is 20 kV/mm. This will also protect the filter against multipaction and corona discharge.
III. DIPLEXER DESIGN
The bandpass filters are transformer coupled to reduce the launch voltage and to simplify the non-contiguous diplexer nulling network in the common junction (Antenna Port). The three transformers are opposite sided, i.e., are shorted to the top cover, whereas the resonator bars are open-circuited there and are shorted to the base. This improves the return loss of the three ports. The size of each resonator cavity is 46.2 mm 46.2 mm 43.6 mm. The ground plane spacing is larger than typical values used at these frequencies to increase the quality factor, since dielectric filling of the cavities will somewhat lower the [11] . An aspect ratio of 2.1, corresponding to characteristic impedance of 50 , has been used to increase the power handling. The unloaded of empty resonator cavities is about 5000. To avoid multipaction, the radar filter will be partially filled with Rexolite 1422 material with a dielectric constant of 2.53 and loss tangent of 0.0005. There is a coaxial low-pass filter in the radiometer path to provide broadband rejection, but, since this filter is not in the high-power signal path, it will not be discussed further in this paper.
A. Radiometer Bandpass Filter
This is a five-section (with two transformers) bandpass filter in combline technology. The cavities are made in silver-plated aluminum, and the resonators will be machined into the housing to achieve high . The filter response is Chebyshev with a passband frequency range of 1401.5-1425.5 MHz. The design bandwidth is 28 MHz to cover the frequency shift due to temperature, which is about 2.0 MHz from 20 C to 40 C for aluminum.
B. Radar Bandpass Filter
This is a five-section (with two transformers) bandpass filter in combline technology. The cavities are made in aluminum. The resonators will be made in silver-plated aluminum and milled as part of the housing. The filter response is Chebyshev with pass band frequency of 1217-1298 MHz. The design bandwidth is 110 MHz that covers with comfortable margin the frequency shift due to temperature, which is about 1.8 MHz from 20 C to 40 C for aluminum. Even after partial loading the filter with dielectric, the radar filter moved less than 4 MHz in this temperature range, as will be shown later in the paper.
IV. PEAK VOLTAGES AND MULTIPACTION-RADAR FILTER
Peak voltages of radar filter without dielectric loading can be obtained from the E-field distribution using an EM simulator, which is usually very time consuming. Alternatively, they can be calculated using a circuit model with sufficient accuracy and much faster as described herein [8] .
Given the desired filter response, the -parameters of Chebyshev transfer function, the coefficients of the coupling matrix and the external ( ) are determined using a synthesis program. From these values, the parameters of the equivalent circuit shown in Fig. 2 are calculated. In the model, the resonators are represented by transmission lines, short-circuited at one end, in series with a lumped capacitor. The coupling between the resonators is inductive and modeled by a mutual inductance, the input/output coupling to the filter is also inductive and modeled by an ideal transformer, and the insertion loss of the filter is represented by a resistor in series with the lumped capacitor.
The transmission-line (TL) parameters are characteristic impedance and electrical length at the center frequency . At the resonant frequency, the series capacitance will be (1) The reactance slope parameter for this resonator is given by [12] , [13] , [14] (2)
In this equation, the electrical length is expressed in radians. The mutual inductance are related to coupling coefficients , the reactance slope parameter , and the frequency by (3) The input transformer ratio is calculated from (4) where (5) The output transformer ratio is the inverse of , that is, . The insertion loss of the filter is modeled by the series resistor shown in the schematic and is given by (6) where is the unloaded of the resonators. Using this circuit model with associated parameters, the -parameters of the radar and radiometer filters and the diplexer can be easily determined with any RF simulator. Figs. 3-5 show the radiometer filter, the radar filter, and the diplexer -parameters, respectively. Refer to Fig. 1 for ports definition.
Next, the voltages of each resonator of the radar filter were calculated using this model and 500 W of rms input power. Assuming a square wave during the pulsed waveform, the RMS power of the single tone RF signal used in the analysis will be 500 W. These voltages are reported in Table I as at the center frequency of 1257 MHz. Also shown are the input voltage , corresponding to 500 W rms input power and the associate voltage magnification factors (VMFs).
is calculated from V
It is observed that the maximum peak voltage buildup occurs at the third resonator. Once the voltages of combline resonators are determined, multipaction safety margin can be calculated for different gaps using multipactor threshold voltage given by [10] (8) where is the frequency in gigahertz and gap is measured in millimeters. In the above equation, the slope of 63 V/(GHz mm) for silver has been used. The multipaction safety margin can be calculated from is resonator #3 with 9.71 dB (negative) margin over the multipaction threshold. This shows that an unprotected diplexer with empty cavities, that is, without the dielectric loading, would multipact with the applied 500-W rms power. The above analysis is based on parallel plate model and does not take into account the quality of the plating process in multipaction breakdown. It can be used, therefore, to determine indicative multipaction thresholds and not the exact values. The critical gap area of the combline filter, between the resonator open end and tuning screw, is far from infinite parallel plate. In fact the aspect ratio of the gap (height/length) is . Therefore it is expected that multipactor threshold be higher than the values calculated, due to significant fringing fields in the region, [15] , [16] . Fig. 6 shows the E-field distribution of a single combline resonator with the dimensions that were used to design the radar filter and resonating at 1257 MHz. Fig. 7 shows the corresponding -parameters. As shown in Fig. 6 , the fields are maximum in the gap between the resonator and the tuning screw; however, there are also some significant fringing fields around the gap area that would not contribute to multipaction discharge. Wolk et al. [15] showed that the aspect ratio of the gap in the high field region has significant influence on the multipaction breakdown.
The peak voltages shown in Tables I and II have been calculated at the center frequency ( 1257 MHz), because this is the frequency that was used for multipaction testing. However, in bandpass filters with Chebyshev response, the worst case voltages occur at the band edge, as shown in Fig. 8 . Tables III  and IV show the peak voltages and safety margin at the lower band edge (1217 MHz) with highest magnification factors. The lowest safety margin is now 10.44 dB, which will further justify the multipaction testing efforts.
V. DIELECTRIC LOADED FILTER
To protect the unit against multipaction, the high-power radar filter was partially loaded with Rexolite 1422 material with dielectric constant of 2.53, loss tangent of 0.0005, and coefficient of thermal expansion (CTE) of 63 ppm/ C, as shown in Fig. 9 . Rexolite material is shown in purple color. The initial dimensions of the resonators and coupling irises were adjusted exper- imentally to compensate for the dielectric loading effects and produce essentially the same RF response as achieved with air- filled cavities. In this approach, the dielectric was added only in the areas susceptible to possible multipaction discharge, in order to minimize the degradation of unloaded of the filter. All five resonators are protected with Rexolite "sleeves." All lumped capacitors on top of resonator with maximum E-field intensity, the inter-cavity coupling areas, as well as the input/output transformers are protected with Rexolite material. With this design, no air gap greater than 0.2 mm (typically less than 0.1 mm) is left in the areas where any significant electric field can be found. At this operating frequency range, 0.2 mm is the lower threshold for multipaction. In addition, thin layers of silicone adhesive room temperature vulcanizing (RTV) were applied in all tiny gaps ( 0.1 mm) to block any mean free path for secondary electrons that may be released from the surface. During the tuning process at ambient temperature, the gaps between the resonator cap (Rexolite, CTE 63 ppm/ C) and tuning screws (303 CRES, CTE 18 ppm/ C) were reduced to practically zero, by adding additional dielectric shims. At 20 C, the largest gap will be about 0.026 mm, which is still below the susceptibility multipaction zone. The RF connectors are threaded Neill-Concelman (TNC) type. Better than 0.20-dB insertion loss, corresponding to an unloaded of approximately 1800, over the passband and temperature range of 20 C to 40 C with expected selectivity has been achieved. With 24.25-W average power and the specified 0.25-dB dissipation loss in the radar filter, the temperature rise was calculated to be 0.6 C. The measured insertion loss was actually about 0.17 dB, resulting in even less temperature rise. Therefore, no issue with out gassing due to localized heat can be expected. However, the diplexer response will shift over temperature. The shift in radar filter will be caused by CTE of Aluminum (24 ppm/ C) and by CTE of Rexolite 1422 (63 ppm/ C). With these values, the total frequency shift of the filter between 20 C to 40 C was less than 4 MHz, as shown in Fig. 10 generated by test software. The total insertion loss of the radiometer path, including the bandpass filter and the low-pass filter, is approximately 0.3 dB, which corresponds to bandpass filter unloaded of approximately 5000.
VI. MULTIPACTION TESTING
The test setup shown in Fig. 11 has been used to test the diplexer for multipaction. First, a multipaction standard was used to demonstrate that the set-up is capable to multipact under certain conditions. Once multipaction has been demonstrated, the standard was replaced with the diplexer in the same set-up and the input power increased to 1800-W peak. No evidence of multipaction was observed, proving that the diplexer is multipaction free, at least to the specified level. Two methods of multipaction detection, namely, Return Loss Nulling and Transmission Loss Nulling methods were used. A vacuum bake-out was performed at 85 C for 12 h before multipaction testing to prevent out gassing and reduce secondary electron emission because surface impurities are eliminated. At a maximum power level of 1800 W, the power was left on for a minimum of 1 h. The -parameters of the radar path were measured before and after multipaction testing to ensure no damage was done to the filter during exposure the high power. The test procedure and test results are discussed below.
A. Demonstration of Multipaction Using the Standard
The multipaction standard is a coaxial thru line with TNC connectors that transition to an air filled 50-line in the middle, with outer and inner diameters of 2.91 and 1.27 mm, respectively. The inner conductor is beryllium copper, and the outer conductor is aluminum. Using the ESA/ESTEC calculator [10] for this size coaxial line at 1.257 GHz, the multipaction threshold for aluminum would be 16.5-W peak and for copper would be 64 W. When measured, the standard showed a multipaction event at 62-W peak.
With the vacuum chamber pressure at 1 10 T and the temperature stabilized at 25 3 3 C, the multipaction standard was connected per Fig. 11 . For electron seeding, a 10-microCurie Cs137 radioactive source was placed right next to the multipaction standard.
Spectrum Analyzers #1 and #2 were set to the following parameters:
• External trigger: On.
• Center Frequency: 1.257 GHz.
• Span: 500 kHz.
• Sweep time: 500 ms.
• RBW: 1 kHz.
• VBW: 1 kHz.
• RL: Varies depending on input.
• Amplitude: 10 dB/Div. A 1.257-GHz pulsed signal with 15-s pulse width was applied to the multipaction standard while maintaining the temperature at 25 3 3 C. The input power was initially set to 40-W peak, 1.0% duty factor. Test data were recorded using software. The variable attenuators and the phase shifter in the reflection path were adjusted to produce a return loss null at the difference port of the hybrid, seen on Spectrum Analyzer #1. Also, the variable attenuators and phase shifter in the transmission path were adjusted to see a transmission loss null on Spectrum Analyzer #2. The LNAs included in the test setup were not used in the measurements. Fig. 12 shows the null in the reflection path, before and after a short dwell. Fig. 13 shows the null in the transmission path, before and after a short dwell. As can be seen in the figures, the nulls observed on both analyzers are unchanged at this power level, indicating no multipaction event. Next, the input power was increased to 62-W peak, 1.0% duty factor and the results were recorded both before and after a short dwell. Fig. 14 shows the null in the reflection path after a short dwell. Fig. 15 shows the null in the transmission path after a short dwell. As can be seen in the digures, the nulls observed on both analyzers have been clearly lost indicating a multipaction event at this power level with the multipaction standard. This proves that the test setup is capable of detecting multipaction when it occurs.
B. Multipaction Test With Diplexer
With the vacuum chamber pressure at 1 10 T, and the temperature stabilized at 25 3 3 C, the DUT was connected to the setup. For electron seeding, a 10-microCurie Cs137 radioactive source was placed next to the diplexer and directed to the vent holes in the close proximity to the high field region. A total number of 98 vent holes with 0.787-mm diameter are provided in the diplexer. With total volume of 841.5 cm and total surface area of vent holes of 0.477 cm , the ratio of volume/area is 1764. The success criteria was a ratio of less than 5000 to ensure a depressurization of 0.9 psi/s. A vacuum bake-out at 85 C for 12 h was performed prior to multipaction testing to prevent corona or glow discharge. A 1.257-GHz pulsed signal with 15-s pulse width, 1.0% duty factor was applied with the peak power initially set to 40 W. The variable attenuators and the phase shifter in the reflection path were adjusted to achieve a return loss null on Spectrum Analyzer #1. The variable attenuators and the phase shifter in the transmission path were adjusted to achieve a transmission loss null on Spectrum Analyzer #2. Figs. 16 and 17 show the null in the reflection and transmission paths, respectively. No change in the nulls, therefore no multipaction event was detected. While maintaining the DUT temperature at 25 3 3 C, the same signal waveform was applied and the peak power increased to 100, 400, 900, and then to 1800 W. The test data before and after a few minutes dwell, for lower power levels, and 1-h dwell period minimum for 900 and 1800 W, were recorded using the test software. The variable attenuators and the phase shifter in the reflection path were adjusted to achieve a return loss null on Spectrum Analyzer #1. The variable attenuators and the phase shifter in the transmission path were adjusted to achieve a transmission loss null on Spectrum Analyzer #2. Fig. 18 shows the null in the reflection path before and after one hour dwell with 900-W peak power. Fig. 19 shows the null in the transmission path before and after one hour dwell with 900-W peak power. Fig. 20 shows the null in the reflection path before and after 1-h dwell with 1800-W peak power. Fig. 21 shows the null in the transmission path before and after one hour dwell with 1800-W peak power. As seen in these figures, for both input powers, the null levels were practically maintained, indicating no significant change in the return loss or transmission loss of the radar path of the diplexer, therefore, no multipaction event. The -parameters of the radar path are shown in Fig. 22-24. A photograph of the diplexer is shown in Fig. 25 .
VII. CONCLUSION
A high-power -band combline diplexer to be used in a NASA/JPL space mission has been successfully designed and tested for multipaction. The device was tested with input power up to 1800-W peak with no evidence of multipaction while having excellent RF peformance, including less than 0.20-dB insertion loss over temperature. This was achieved by design and by selectively loading the high-power path of the diplexer with low-loss Rexolite 1422 dielectric material.
